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W e compared severe graft-versus-host-disease (GvHD) free and relapse-free survival and other transplantation outcomes of acute myeloid leukemia (AML) patients given bone marrow (BM) without anti-thymocyte globulin (ATG) versus peripheral blood stem cells (PBSC) with ATG after myeloablative conditioning. In the cohort of patients receiving grafts from a human leukocyte antigen (HLA)-matched sibling donor, patients given PBSC with ATG (n=1,021) and those given BM without ATG (n=1,633) presented comparable severe GvHD-free relapsefree survival (GRSF)(hazard ratio [HR]=0.9, 95% confidence interval [CI]: 0.8-1.1, P=0.5) and overall survival (HR=1.0, 95% CI: 0.8-1.2, P=0.8). They had however, a lower incidence of chronic GvHD (cGvHD) (HR=0.7, 95% CI: 0.6-0.9, P=0.01). In the cohort of patients receiving grafts from HLAmatched unrelated donor , patients given PBSC with ATG (n=2,318) had better severe GvHD-free and relapse-free survival (GRFS) than those given BM without ATG (n=303) (HR=0.8, 95% CI: 0.6-0.9, P=0.001). They also had a lower incidence of cGvHD (HR=0.6, 95% CI: 0.5-0.8, P=0.0006) and better overall survival (HR=0.8, 95% CI: 0.6-1.0, P=0.04). In summary, these data suggest that PBSC with ATG results in comparable (in the case of sibling donor) or significantly better (in the case of unrelated donor) severe GRFS than BM without ATG in patients with AML in complete remission receiving grafts after myeloablative conditioning. dence of cGvHD, similar OS, and better patient-reported outcomes at 5 years after transplantation than those randomized to the PBSC arm. 4, 5 This might suggest that, at least in the MUD setting, BM may be preferred over PBSC as a stem cell source in patients receiving grafts after myeloablative regimens. In concordance with these findings, a recent European Group for Blood and Marrow Transplantation (EBMT) study observed a better GvHDfree relapse-free survival (GRFS) with BM than with peripheral blood (PB) as the stem cell source. 6 In the last two decades, five phase III trials have assessed the impact of anti-thymocyte globulins (ATG) on transplantation outcomes in patients given grafts (mainly PBSC) from MSD (n=1) 7 or MUD (n=4). [8] [9] [10] [11] These five trials demonstrated a lower incidence of cGvHD with ATG. 12 Two of three trials assessing the impact of ATG on GRFS 13 observed better GRFS in patients randomized to ATG, 7,10 while the study by Soiffer et al. failed to demonstrate this effect. 11 ATG was also found to improve GRFS in a registry study including data from patients given grafts from HLA-identical siblings after myeloablative fludarabine + busulfan regimens. 13 These findings prompted us to compare transplantation outcomes in AML patients following BMT without ATG versus PBSC transplantation with ATG in the first or second complete remission (CR).
Methods

Ethics
The scientific board of the Acute Leukaemia Working Party (ALWP) of the European Society for Blood and Marrow Transplantation (EBMT) approved this research project. The study was conducted according to the Declaration of Helsinki and Good Clinical Practice guidelines.
Inclusion/exclusion criteria and study endpoints
Inclusion criteria included adult patients, de novo or secondary AML, myeloablative conditioning, MSD or 10/10 HLA-matched unrelated donors (MUD), first or second CR, first allo-transplantation from 2000 to 2017 at an EBMT-affiliated center, and either BM without ATG, or PBSC with ATG. Exclusion criteria consisted of in vitro T-cell depletion of the graft, and prior administration of alemtuzumab. The primary endpoint was GRFS. Secondary endpoints included grade II-IV GvHD, RI, nonrelapse mortality (NRM), leukemia-free survival (LFS) and OS.
Statistical analyses
Myeloablative conditioning was defined as use of ≥ 6 Gy TBI, busulfan > 8 mg/kg, or melphalan > 140 mg/m 2 as previously reported. 14 The cytogenetic AML risk was determined as previously reported. 15, 16 NRM was defined as death without prior or current disease recurrence. Events in the composite endpoint GRFS included grade III-IV aGvHD, extensive cGvHD, relapse or death as previously reported. 17 OS, LFS and GRFS were estimated using the Kaplan-Meier estimates. Cumulative incidence functions (CIF) were used for RI and NRM in a competing risk setting, since death and relapse are competing together. In estimating the cumulative incidence of aGvHD and cGvHD, we considered relapse and death to be competing events. Univariate analyses were done using Gray's test for CIF and the log-rank test for GRFS, OS and LFS. Since there were some imbalances between the groups we performed multivariate Cox models to further determine the impact of the graft type on transplantation outcome. These Cox models were adjusted for disease status at transplantation, female donor to male recipient or not, CMV serostatus, use or not of total body irradiation (TBI), year of transplantation, age at transplantation, primary versus secondary AML, and cytogenetic risk. In order to take into account the center effect, we introduced a frailty for each center into the model, as previously reported. 18, 19 Specifically, we introduced a random effect (also named frailty effect) in the Cox multivariate models. Then, the same random effect was shared by all patients within the same center. In order to assess whether there was a statistical interaction between the year of transplantation and the association between BMT without ATG versus PBSC with ATG and the incidence of relapse, we introduced the interaction term between cell source and year as a binary variable (with the median year by group as the cut-off) in the Cox multivariate model for relapse. Results are presented as hazard ratios (HR) and 95% confidence intervals (95% CI). The HR for year of transplantation corresponded to a 5-year increase and to a 10-year increase for the age at transplantation. As planned in the synopsis, the analyses were done separately for MSD and MUD. The interaction between graft type (i.e. BM without ATG or PBSC with ATG) and donor type (MSD versus MUD) was confirmed for several outcomes (data not shown).
Results
BM without ATG versus PBSC with ATG in MSD recipients Patients
A total of 2,654 MSD recipients met the inclusion/exclusion criteria, comprising 1,633 BM without ATG patients and 1,021 PBSC with ATG patients (Table 1 ). In comparison to BM without ATG recipients, PBSC with ATG patients were older (median 48 years vs. 40 years old), were transplanted more recently (median year of transplantation 2014 vs. 2008), less likely to have a good cytogenetic risk (10% vs. 16%), more likely to have secondary AML (11% vs. 6%), less frequently received TBI in the conditioning regimen (12% vs. 32%), and were more frequently male patients receiving grafts from female donors (25% vs. 22%).
GvHD
The 100-day incidence of grade 2-4 aGvHD was 27% (95% CI: 25-29%) in BM without ATG recipients versus 18% (95% CI: 16-20%) in PBSC with ATG patients (P<0.001). For grades III-IV, the figures were 9% (95% CI: 8-11%) and 6% (95% CI: 4-7%), respectively (P=0.002). In multivariate analyses, the difference for grade II-IV aGvHD between PBSC with ATG versus BM without ATG was no longer statistically significant (HR=0.8, 95% CI: 0.7-1.1, P=0.12) (Table 2) while the use of TBI in the conditioning was associated with a higher incidence of grade II-IV aGvHD (HR=1.4, 95% C1: 1.1-1.8, P=0.004). In contrast, a more recent transplantation year was associated with a lower incidence of grade II-IV aGvHD (HR=0.8, 95% CI: 0.7-0.9, P=0.0004).
At 2 years the CI of cGvHD was 34% (95% CI: 31-36%) in BM without ATG recipients versus 30% (95% CI: 27-33%) in PBSC with ATG patients (P=0.02) ( Figure  1E ). This association remained statistically significant on multivariate analysis with a lower risk of cGvHD among PBSC with ATG recipients (HR=0.7, 95% CI: 0.6-0.9, P=0.01). In contrast, female donor to male recipient (HR=1.5, 95% C1: 1.3-1.7, P<0.001), and older age at transplantation (HR=1.07, 95% C1: 1.0-1.14, P=0.049) were associated with a higher incidence of cGvHD.
Relapse and non-relapse mortality
The 2-year CI of relapse was 25% (95% CI: 22-27%) in BM without ATG recipients versus 28% (95% CI: 25-31%) in PBSC with ATG patients (P=0.0496) ( Figure 1C ). After ther investigated whether there was a statistical interaction between the use of TBI in the conditioning regimen and the impact of graft type on relapse risk. Among patients given graft from MSD, there was no such interaction (P-value for the interaction test = 0.97). The 2-year CI of NRM was 11.5% in both groups ( Figure 1D ). In multivariate analyses, PBSC with ATG was associated with a similar risk of NRM to BM (HR=1.1, 95% CI: 0.8-1.4, P=0.7). In contrast, older age at transplantation (HR=1.5, 95% CI: 1.4-1.7, P<0.001) and secondary versus de novo AML (HR=1.5, 95% CI: 1.0-2.1, P=0.03) were associated with a higher NRM while a more recent year of transplantation was associated with a lower NRM (HR=0.7, 95% C1: 0.6-0.8, P<0.001).
OS and LFS
The 2-year OS and LFS were 70% (95% CI: 68-73%) and 64% (95% CI: 62-66%) in BMT without ATG patients versus 68% (95% CI: 64-71%, P=0.1) and 61% (95% CI: 58-64%, P=0.06) in PBSC with ATG patients, respectively ( Figure 1A-B ). After adjusting for potential confounding factors by multivariate analyses, the use of PBSC with ATG was no different to BM with respect to OS (HR=1.0, 95% CI: 0.8-1.2, P=0.8) and LFS (HR=1.0, 95% CI: 0.8-1.2, P=0.9). In contrast, second CR at transplantation (HR=1.3, 95% CI: 1.0-1.5, P=0.03), and older patient age (HR=1.2, 95% CI: 1.1-1.3, P<0.001) were associated with worse OS. The same factors were also significantly associated with worse LFS: second CR at transplantation (HR=1.2, 95% CI: 1.0-1.5; P=0.04), and older patient age (HR=1.2, 95% CI: 1.1-1.2, P<0.001).
GRFS
At 2 years, GRFS was 50% (95% CI: 48-53%) in BMT without ATG patients versus 52% (95% CI: 48-55%) in the PBSC with ATG group (P=0.8) ( Figure 1F ). This was confirmed on multivariate analysis including data from all patients (HR=0.9, 95% CI: 0.8-1.1, P=0.5) as well as in further sensitivity analysis restricted to patients given a combination of a calcineurin inhibitor and methotrexate as GvHD prophylaxis (HR=1.0, 95% CI: 0.8-1.2, P=0.9). In contrast, female donor to male recipient (HR=1.2, 95% CI: 1.0-1.3, P=0.01), and older patient age (HR=1.1, 95% CI: 1.1-1.1, P<0.001) were associated with a worse GRFS.
BM without ATG versus PBSC with ATG in MUD recipients Patients
A total of 2,621 recipients met the inclusion/exclusion criteria. Comprising 303 patients in the BM group and 2,318 in the PBSC with ATG group (Table 3 ). In comparison to BM recipients, PBSC with ATG patients were older (median 48 years vs. 42 years old), were transplanted more recently (median year of transplantation 2013 versus 2012) and were more frequently transplanted in the first CR (79% vs. 71%).
GvHD
The 100-day incidence of grade II-IV aGvHD was 44% in BMT without ATG recipients vs. 24% in PBSC with ATG recipients (P<0.0001). For grade 3-4, the figures were 17% (95% CI: 13-21%) and 7% (95% CI: 6-8%), respectively (P<0.001). In multivariate analysis, PBSC with ATG patients had a significantly lower incidence of grade II-IV aGvHD than BM recipients (HR=0.5, 95% CI: 0.4-0.7; P<0.001). No other factor was significantly associated with grade II-IV aGvHD in multivariate analysis (Online Supplementary Table S4 ).
The 2-year CI of cGvHD was 43% (95% CI: 37-49%) in BM without ATG recipients versus 30% (95% CI: 28-32%) in PBSC with ATG patients (P<0.0001) ( Figure 2E ). On multivariate analysis, PBSC with ATG, in comparison to BM without ATG, was associated with a lower incidence of cGvHD (HR=0.6, 95% CI: 0.5-0.8, P=0.0006) ( Table 2) , but no other factor was significantly associated with cGvHD.
Relapse and non-relapse mortality
The 2-year CI of relapse was 23% (95% CI: 19-29%) in BMT without ATG recipients versus 24% (95% CI: 23-26%) in PBSC with ATG patients (P=0.4) ( Figure 2C) . On multivariate analysis, as observed in the MSD cohort, there was no significant impact of the graft type on relapse (HR=1.0, 95% CI: 0.8-1.3, P=0.9), but a more recent transplantation was significantly associated with a higher risk of relapse (HR=1.2, 95% CI: 1.0-1.4, P=0.03) (Online Supplementary Table S1 ). There was no interaction between the association of graft type and the risk of relapse and year of transplantation (interaction test P=0.13). Unadjusted comparison of relapse incidence between the two groups per 6-year periods is shown in the Online Supplementalry  Table S2 . We further investigated whether there was a statistical interaction between the use of TBI in the conditioning regimen and the impact of the graft type on the relapse risk. Among patients given graft from MUD, there was such an interaction (P-value for the interaction test=0.05). Specifically, in the subgroup of patients given TBI-based PBSC with ATG vs. BM haematologica | 2020; 105(4) 1143 HLA: human leucocyte antigen; MSD: HLA-identical sibling donor; MUD: 10/10 HLAmatched unrelated donors; HR: hazard ratio; CI: confidence interval; BM: bone marrow; BMT: bone marrow transplant; PBSC: peripheral blood stem cells; ATG: anti-thymocyte globulin; GvHD: graft-versus-host disease. 1 Factors included in the models are: disease status at transplantation, female donor to male recipient or not, cytomegalovirus (CMV) serostatus, use or not of total body irradiation (TBI), year of transplantation, age at transplantation, primary versus secondary acute myeloid leukemia (AML), cytogenetic risk and frailty center effect; 2 defined as no death, no relapse, no grade III-IV acute GvHD and no extensive chronic GvHD.
conditioning we observed a lower risk of relapse in PBSC with ATG patients than in BMT without ATG patients (HR=0.56, 95% CI: 0.39-0.81, P=0.002) while this was not the case in patients given chemotherapy-based conditioning (HR=0.94, 95% CI: 0.70-1.26, P=0.68).
The 2-year CI of non-relapse mortality was 18% in BMT without ATG patients versus 16% in PBSC with ATG patients (P=0.16) ( Figure 2D ). On multivariate analysis, there was a non-significant trend for lower NRM in PBSC with ATG patients (HR=0.7, 95% CI: 0.7haematologica | 2020; 105(4) 
OS and LFS
The 2-year OS and LFS were 64% (95% CI: 58-70%) and 58% (95% CI: 53-64%) in BMT without ATG patients versus 67% (95% CI: 64-69%, P=0.3) and 60% (95% CI: 58-62%, P=0.7) in PBSC with ATG patients, respectively (Figure 2A-B) . After adjusting for potential confounding factors, the use of PBSC with ATG was associated with a better OS (HR=0.8, 95% CI: 0.6-1.0, P=0.04) than with BM, but there was no significant difference in LFS between the groups (HR=0.9, 95% CI: 0.7-1.1, P=0.2). As well as being in the BMT group, older age was significantly associated with a poorer OS (HR=1.2, 95% CI: 1.1-1.3, P<0.0001) and a worse LFS (HR=1.1, 95% CI: 1.1-1.2, P<0.0001).
Causes of death were comparable in both groups expect for a higher frequency of infectious-related death in the PBSC with ATG group (23% vs. 11%) (Online Supplementary Table S3 ).
GRFS
The 2-year GRFS was 43% (95% CI: 37-49%) versus 50% (95% CI: 47-52%) in BMT without ATG and PBSC with ATG recipients, respectively ( P=0.002) ( Figure 2F ). This was confirmed in multivariate analysis including data from all patients (HR=0.8, 95% CI: 0.6-0.9, P=0.001) as well as in further sensitivity analysis restricted to patients given a combination of a calcineurin inhibitor and methotrexate as GvHD prophylaxis (HR=0.8, 95% CI: 0.6-0.9, P=0.01). Finally, older patient age was also associated with worse GRFS (HR=1.1, 95% CI: 1.0-1.1, P=0.004) in the whole cohort of patients.
Discussion
Several studies have now established that the use of PBSC (without ATG) instead of BM is associated with a high incidence of (severe) cGvHD affecting the longterm well-being of the patients. 2, 5 In contrast, several phase III trials have demonstrated a beneficial impact of ATG on cGvHD. 12 Here, we compare the outcomes of AML patients given BMT without ATG versus PBSC with ATG, in the setting of AML in first or second CR. We elected to restrict the analyses of patients given grafts after myeloablative conditioning since it was a inclusion criteria in most phase III ATG studies, although many AML patients are nowadays transplanted following reduced-toxicity regimens. 20, 21 Several observations can be made.
First, the use of PBSC with ATG was associated with a lower incidence of cGvHD both in the MSD and MUD datasets. This clearly demonstrates that ATG administration is able to counterbalance the high risk of cGvHD associated with the use of PBSC (instead of BMT without ATG). Importantly, the incidence of relapse was not significantly different in BMT without ATG and in PBSC with ATG patients in both datasets. This may appear surprising given the tight association between cGvHD and graft-versus-leukemia effects, and is consistent with most phase III ATG trials showing, 22-24 a reduction of cGvHD without an increase in the relapse risk. 12 Similar findings were observed in the RIC setting in a large registry study. 25 Given the data of the Soiffer et al. phase III study showing detrimental effects of ATG in patients given TBI-based conditioning regimen, 11 we investigated whether, in our study, there was a statistical interaction between graft type and the risk of relapse and the use of TBI in the conditioning regimen. Interestingly, we observed a lower risk of relapse only in the subgroup of patients given TBI-based conditioning suggesting no adverse effects of ATG in patients given TBI-based conditioning. These data are in concordance with recent observations reported by our group. 26 The main endpoint of our retrospective study was GRFS, a relatively new composite endpoint which aims at capturing the rate of cure without ongoing transplantrelated morbidity. 27 We observed a non-significant difference in GRFS with the two strategies in the cohort of patients given grafts from MSD, and a significantly better GRFS with PBSC with ATG in the cohort of patients given grafts from MUD. We thus advocate that our data might support the use of PBSC with ATG rather than BMT without ATG, in AML patients in CR at transplantation.
An interesting finding of our study was an increasing relapse incidence (but decreasing non relapse mortality incidence) with more recent transplantations. This might be due to a higher proportion at high risk of relapse (as example more patient with persistent minimal residual disease at transplantation) in more recent years of transplantation. Unfortunately, we do not have data on the MRD status at transplantation for many patients included in this survey.
There are some limitations of the study such as its design (it is however unlikely that a prospective randomized phase III trial will address this question in the near future), the lack of data on mutational AML landscape and minimal residual disease, a high proportion of missing cytogenetic data, the lack of ATG dose data for several patients, and some imbalances between the groups. However these imbalances were adjusted for in the multivariate Cox models. The strengths of the study are the number of patients in each group and their relative uniformity (one single disease, all patients in first or second CR at transplantation, no HLA-mismatches, only myeloablative conditioning regimen).
In conclusion, our data suggest that PBSC transplantation with ATG results in comparable (in case of MSD) or significantly better (in case of MUD) GRFS than BMT without ATG in patients with AML in CR receiving grafts after myeloablative conditioning. These data might support the use of PBSC with ATG compared to BMT without ATG in patients receiving grafts from MSD or MUD after myeloablative conditioning as treatment for AML in CR.
